Experimental data for the real part of the dielectric constant (K' ) of three sandstone samples are considered as a function of the level of water saturation (S,+.) in the frequency range 60 kHz to 4 MHz. Existing theoretical models have previously shown poor agreement with K' versus S, data for rock samples, undoubtedly due to the complexity involved in adequately accounting for geometrical and electrochemical effects. In analyzing the data presented here, we find a pronounced increase in K' in the low saturation region which in all cases can be attributed to the establishment of geometrical and surface effects associated with the rock-water interface. When this increase in K' is accounted for by defining wetted matrix parameters, the data show excellent agreement with existing theoretical models.
INTRODUCTION
Calculating the dielectric constant of a composite material has been an active topic of research for many years in various fields of study. The dielectric constant of a material is a complicated product of the individual dielectric constants of the various components, the volume fractions of the components, the geometries of the components, and the electrochemical interactions among the components. The complex dielectric constant K* can be written as K* = K' _ iK" where K' is the real part and K" is the imaginary part of the complex dielectric constant. Of particular interest in this work is the problem of theoretically calculating K' of a porous rock sample containing various amounts of water. This is of great practical interest, because the measurement of K' in both petroleum exploration and groundwater investigations can be potentially very useful in determining the level of water saturation.
A number of theoretical methods have been proposed to determine the dielectric constant of water-saturated rock. One approach involves using simple mixing laws to calculate the total dielectric constant of the material (K*), given only the dielectric constant (K> and the volume fraction (Vi) of each of the i components. One such mixing law, the complex refractive index method (CRIM) (Wharton et al., 1980) , is commonly used in interpreting dielectric measurements made in oil and gas wells:
This expression can be expanded for the case of a rock at some level of water saturation S, , where S,,. is the volume fraction of the pore space filled with water, the remainder being filled with hydrocarbon. The system is composed of dry rock (r), water (w). and hydrocarbon (I?), with porosity $; K* is given by the following expression:
The dielectric constants of the rock and the hydrocarbon are treated as real, not complex, because these components are assumed to be insulating (i.e., K" = 0). An obvious limitation of this method is that it does not take into account the geometry of the components or electrochemical interactions among components.
As an alternate approach to calculating K' , Feng and Sen (1985) used a form of the differential effective medium approximation (Norris et al., 1985) to derive an expression for the dielectric properties of a partially saturated rock. By assuming that the rock matrix and hydrocarbon exist as spherical inclusions in a water-brine background, and that the rock matrix and hydrocarbon are perfect insulators, the following differential form is obtained: (Sen, 1980; Lysne, 1983 : Kenyon, 1984 : Feng and Sen, 1985 : Sherman, 1987 ). In addition to geometry, it has been found that surface effects-the screening of charges and charge accumulation at interfaces within a rock-can contribute to the dielectric response of rocks (Keller and Licastro, 1959; Fuller and Ward, 1970; Sen, 1980) . Despite such advances in our understanding of the dielectric mechanisms in rocks, there has been little success in modeling the dielectric response of a partially saturated rock sample over a wide range of saturations. The poor results are undoubtedly due to the complexities involved in incorporating both geometrical and surface effects in a model that includes variation in water saturation. Until now it has been unclear how geometrical and surface effects are related to the level of water saturation in a sample.
We have found a surprisingly simple way to account for geometrical and surface effects in the dielectric response of a rock containing water. The explanation is based on the observation that the magnitudes of all geometrical and surface effects are established once a rock-water interface exists in the sample, i.e., once the rock has been "wetted." To model the dielectric response of a rock-water mixture, we redefine the basic components. Instead of "mixing" the dielectric response of dp rock and water to predict the dielectric response of water saturated rocks, as has always been done, we mix the dielectric responses of the wetted rock and water.
This approach is analogous to the treatment of the problem of predicting saturated elastic wave velocities for rocks from the unsaturated values suggested by Gassmann (1951) . In Gassmann' s derivation, he clearly states that the saturated velocities cannot be predicted by starting with measured values for a totally dry rock, but by starting with elastic properties measured for a wetted rock, i.e., "adsorbed water has to be considered as part of the framework" (translated from Gassmann, 1951) . We show here that the same is true for modeling the dielectric response of watersaturated rocks: the interaction between the rock and water, which can result in both geometrical and surface effects, can be included in any model by defining as a basic parameter the dielectric response of the rock wetted by, or in equilibrium with, the water.
In this paper we apply the idea of defining a wetted rock-bulk water system to model experimental measurements of K' as a function of S,,. for three sandstones. With a high density of data, it is possible to identify and isolate geometrical and/or surface factors associated with the interaction between the rock and the water. Once these effects have been accounted for by using wetted matrix parameters in modeling the data, it is possible to obtain good agreement between experimental data and existing theories.
EXPERIMENTAL RESULTS
We have considered dielectric data from three sandstone samples: CH6l-79. CH58-79, and Berea 100. Descriptions of these sandstone samples are given in Table 1 . The petrography was determined by thin-section analysis and taken from the Stanford Rock Physics catalog. Porosity was measured with a helium porosimeter. The surface areas were determined using a nitrogen adsorption technique.
The samples were prepared for dielectric measurements as thin disks, 5 cm in diameter and approximately .5 cm thick, with platinum electrodes sputtered on the two opposite flat faces of the disk. The measurements were made with a Hewlett-Packard 4192A impedance analyzer over the frequency range of 60 kHz to 4 MHz: details of the measurement procedure are given in Knight and Nur (1987a) . The level of water saturation in a sample was determined by weighing the sample. Each sample was fully water saturated with deionized water then dried with dielectric measurements made as the sample dried. At low levels of water The behavior of K' in the saturation region 0 < S,,. < S!! has been discussed in Knight and Nur (1987a, b) and attributed to effects associated with the presence of a thin layer of water coating the surface of the pore space. Referring to the experimental results presented here, it is possible to determine the apparent thickness of the surface water corresponding to the surface water effect. The SW,,,,., ,racc of each of the samples is given in Table I . Using 3.5A as the thickness of a monolayer of water (Thor-p. 1959), S,,, at low saturations can be converted to the number of completed monolayers; this conversion assumes that water covers the surface in uniform monolayers, a simplifying but reasonable assumption. In Figures 2a and 2b , the 105 kHz data from two of the samples, CH61-79 and CH_58-79, are presented at low saturations as K' versus the number of completed monolayers. It is apparent from these figures that S!! corresponds to a surface coating of water three to four monolayers, or approximately 1 nm, thick. A second feature in these figures, the lack of change in K' with the first monolayer adsorbed, is due to the reduced K' for bound water, as discussed in Knight and Nur (1987b) .
Once the surface of the pore space has been coated with approximately 1 nm of water, a large increase has occurred in K' of the rock-water system. The magnitude of K' at this saturation increases for any given sample with decreasing frequency, and between samples with increasing surfacearea-to-volume ratio. In a sample with a higher SW,,,,, space, the surface effect extends to higher levels of S,,. and causes a greater magnitude of the measured value of K' . The increase in K' can be seen by comparing the data in In the data for CH61-79, S! = .I5 17 with the measured value of K' increasing in the 105 kHz data from a dry value of 6.07 to a wetted value of 28.68. In the data for Berea 100, .SjJ = . II00 with K' increasing in the 105 kHz data from a dry value of 5.7 to a wetted value of 12.9.
As discussed above, it is obvious that geometrical and surface effects must be taken into account when modeling K' of a rock-water mixture. What we are suggesting, based upon these data, is that geometrical and surface effects associated with water-saturated rocks, and the related frequency dispersion, are all established within the low saturation region (S,,. < Sz). We propose using K' measured at S,' l as a starting point for modeling the dielectric response of a rock as a function of water saturation. By using the dielectric value of the wetted rock, instead of the dry rock as is usually done. we are considering a system in which the components, rock and water, have come to equilibrium. Geometrical and surface effects are included in K' measured at S,l' , so they need not be included in the theoretical model; therefore, we can use existing models. We believe defining the basic components in this way is a more reasonable starting point for theoretically modeling dielectric data.
EFFECTIVE MEDIUM THEORY
We selected the three-component effective medium theory (EMT) of Feng and Sen (1985) to model our data. Their Figure  3b . It i\ quite obvious that by using K' of the dry rock, the measured K' of the rock-water system cannot be predicted using the effective medium theory in this way. It is also clear from these figures that the theory parallels the change in K' with S,, and is only in error due to the large increase in K' at low saturations that cannot be modeled with the effective medium theory in its present form. We next redefine our system as composed of the three components: the wetted rock (which is the dry rock coated with the surface water), the bulk water in the pore space (which excludes the surface water), and the air which occupies the remainder of the pore space at any given S,,.. We maintain the assumption at this stage that the dielectric 
CRIM
We next consider using CRIM as a model for K' of a partially saturated rock. When CRIM is used in its original form, using the dielectric constants and volume fractions of the dry rock, water, and air, there is poor agreement with the data. This is shown in Figures 5a and 5b , where the data from CH61-79 at 105 kHz and 1.2 MHz are compared with the CRIM model.
We can rewrite the CRIM equation for a partially saturated rock defined as being composed of wetted rock, bulk water, and air using our corrected parameters as defined above: When CRIM in this form is applied to our data to model K', using the input parameters listed in Table 2 , we again find very good agreement with our data. The experimental data and the results of modeling with CRIM are shown in Figures  6a, 6b , and 6c. As can be seen, the results we obtained using CRIM are essentially identical to those obtained for the effective medium theory. This was expected, because for low-salinity water which results in a small value for K", the effective medium theory and GRIM have been found to show good agreement (Feng and Sen, 1985) .
COMPLEX MATRIX PARAMETERS
We have found that using K' of the wetted rock, measured at Si, greatly improves the agreement between existing models and our data. In both the three-component effective medium theory and CRIM, the matrix has been defined as having a totally real dielectric constant because it was assumed that the matrix was nonconducting. If we look at the conductivity data for the studied samples, however, it is obvious that the adsorption of the surface water increases the conductivity of the system by two to three orders of magnitude. This can be seen in Figure 7 , where the conductivity of sample CH6l-79 measured at I05 kHz is plotted as a function of S,.. The increased conductivity between the dry and-wetted state makesit unreasonablein our treatment to assume a nonconducting rock matrix. To allow for a conducting rock matrix, the conductivity of the matrix of each sample was determined from the measured data at S,(j, Figure 9b for Berea 100. Again the results using CRIM are practically identical to those for the effective medium theory. We found that including a conductivity term for the rock matrix had no effect on the results at 1.2 MHz. At 105 kHz, however, treating the rock matrix as complex resulted in an overestimation of K' of the partially saturated rock at the high levels of water saturation. This effect was more pronounced in the high-porosity sandstone. Berea 100.
CONCLUSIONS
Existing theoretical models to predict the dielectric response of rock-water mixtures use the volume fractions and dielectric constants of the dry rock matrix and the water as input parameters. The discrepancy between measured and theoretically predicted K' for saturated rocks obtained when using these models has been attributed to geometrical and electrochemical effects in saturated rocks that are unaccounted for in the theories. We have found that the use of wetted matrix parameters provides excellent agreement between theory and data. We suggest, based on these observations, that all geometrical and electrochemical effects in saturated rocks are in fact associated with the interaction at the rock-water interface; once the rock-water interface has been fully established through the adsorption of approximately I nm of water, the magnitudes of all geometrical and electrochemical effects have been established. Starting with wetted matrix parameters thus includes all geometrical and electrochemical effects and makes it possible to use existing theories to model the data.
We have found the best agreement between theory and data when the matrix was treated as wetted but nonconducting. The large increase in conductivity associated with the wetting of the rock matrix shows quite clearly that the wetted matrix should be treated as conducting, but our attempts to include a matrix conductivity have been unsuccessful. The main problem appears to be in determining the conductivity value that should be assigned to the wetted matrix given the interaction between surface conductivity and bulk conductivity that occurs as S,. increases.
While we have been successful in modeling our laboratory data, two issues need to be addressed in order to assess the applicability of these results to the interpretation of borehole dielectric measurements: the frequency range, and the nature and distribution of the pore fluids.
Frequency clearly has a large effect on the wetted matrix parameters. As frequency increases, the magnitude of the surface effect decreases, such that by 4 MHz in the sandstone data presented here K:,,, is approaching Kldry rock. The question should be asked whether the use of wetted matrix parameters is unnecessary at frequencies above 10 MHz. Their use depends upon the specific mechanism and the conductivity. Kenyon (1984) has described a scaling of frequency with conductivity for geometrical effects in watersaturated rocks. If the surface water effect is predominantly a geometrical effect, this scaling is such that the effects we observe at 10.5 kHz with deionized water would exist at I GHz in rocks saturated with a solution of conductivity of 0.5 mhosim. The use of wetted matrix parameters in interpretation models could therefore be very important in the frequency range commonly used in making borehole dielectric measurements.
In the data considered here, the pore space contained water and air. We have attributed the large increase in K' at low saturations, which led to our defining the parameter Kk,,., to the presence of water coating the surface of the pore space; i.e., water is the wetting fluid. If oil were the second fluid phase in the pore space, instead of air, we would thus expect the same K' -versus-s,,, behavior as long as the sandstone remained water-wet. In an oil-wet system, it is unclear what would occur at low saturations; the question is a topic that requires further study. An additional complication in the interpretation of dielectric data is the observation that the saturation history of a rock, and the resulting microscopic fluid distribution, can affect the form of K' versus S,,, at the higher levels of saturation, S,, > S," (Knight and Nut-. 1987b ). This is an additional geometrical effect that needs to be modeled and cannot be accounted for with the existing theories. It is interesting to note, however, that regardless of the fluid distribution and the corresponding effects on K' in the region S,. > Sz, the behavior of the rock-water system in the region 0 =L S,+, < Si remains the same. Thus, we conclude that the basic component in theoretically modeling the dielectric response of water-wet rocks, whatever the composition or geometry of the contained pore fluids, must be the wetted matrix dielectric values.
